The detailed structural and mechanical properties of a tetraoleoyl cardiolipin (TOCL) bilayer were determined using neutron spin echo (NSE) spectroscopy, small angle neutron and X-ray scattering (SANS and SAXS, respectively), and molecular dynamics (MD) simulations. We used MD simulations to develop a scattering density profile (SDP) model, which was then utilized to jointly refine SANS and SAXS data. In addition to commonly reported lipid bilayer structural parameters, component distributions were obtained, including the volume probability, electron density and neutron scattering length density. Of note, the distance between electron density maxima D HH (39.4 Å) and the hydrocarbon chain thickness 2D C (29.1 Å) of TOCL bilayers were both found to be larger than the corresponding values for dioleoyl phosphatidylcholine (DOPC) bilayers. 
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Introduction
Cardiolipin (CL) lipids are a group of anionic phospholipids that are found predominantly in the inner mitochondrial membrane (IMM) of eukaryotic cells 1 , and in the plasma membranes of certain bacteria 2 . Unlike common phospholipids, CL is composed of two phosphate moieties, each attached to two hydrocarbon chains via a glycerol backbone. CL's peculiar structure restricts phosphate mobility, reduces headgroup area, and promotes the tendency of forming non-lamellar phases 2, 3 . CL plays an important role in the IMM of eukaryotes, including: (1) supporting the activation of mitochondrial related enzymes; (2) disrupting 4 or promoting 5 supramolecular organization; and (3) increasing mitochondria membrane electronegativity which leads to programmed cell death 6 7 . In addition, defects in CL remodeling can cause detrimental diseases such as Barth syndrome 8 . More details about the physiological importance of CL can be found in recent review articles 2, 9-11 .
To understand CL's functionality, elucidating its detailed physicochemical properties through the use of model CL bilayers is essential. To date, only a handful of experimental results detailing the structure and organization of CL bilayers exist, including reports about headgroup orientation, thermotropic phase behavior, and the lamellar/non-lamellar phase transition (see review article 2 and the references therein). Both coarse-grained and atomistic molecular dynamics (MD) simulation studies of CL bilayers have been carried out [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, the lack of experimental data needed for comparison, has hampered the development of CL force fields. In the present study we used different contrast small angle neutron and X-ray scattering (SANS and SAXS, respectively), neutron spin echo (NSE) spectroscopy, and all-atom MD simulations to characterize the structural and mechanical properties of a fluid phase tetraoleoyl cardiolipin (TOCL) bilayer. Specifically, we developed a scattering density profile (SDP) model to jointly refine SANS and SAXS data. Bilayer structural parameters were then determined from SDP model analysis, along with component distributions, including volume probability (vP), one-dimensional electron density (ED) and neutron scattering length density (NSLD).
We also performed five sets of area-constrained MD simulations. Model free comparison to experimental scattering data revealed the best simulated bilayer, from which detailed atomic interactions, as well as the area compressibility modulus K A , were determined. We also calculated the bending modulus K C of TOLC bilayers by analyzing the intermediate scattering functions from NSE measurements using a Zilman-Granek (ZG) model 21 .
Materials and Methods
Small Angle Neutron and X-ray Scattering
Synthetic TOCL lipid (sodium salt) was purchased from Avanti Polar Lipids (Alabaster, AL) and used as received. The molecular volume of TOCL was determined using an Anton-Paar DMA5000
vibrating tube density meter (Graz, Austria) 22 
where Γ(q) is the relaxation rate describing the decay property of the intermediate scattering function: 
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where k B T is the thermal energy, ε approaches unity at K C >> k B T, which is satisfied by typical lipid bilayers 27 , and η is the viscosity of the aqueous solution. Since Γ(q) is linearly related to q 3 , the bilayer bending modulus K C can be determined by measuring the intermediate scattering function at several q values.
Molecular Dynamics Simulations
Initial coordinates for a TOCL bilayer made up of 100 lipids were generated by Packmol 28 . Lipid hydrogen atoms were explicitly included (all-atom model), in addition to 5778 water molecules and counterions to neutralize the system. MD simulations were performed using NAMD 2.9 29 and the CHARMM 36 lipid force field 30, 31 . Periodic boundary conditions were applied. For each system, atomic coordinates were first minimized using the conjugated gradient algorithm for 5000 steps, followed by 2 ns of equilibration in a constant particle number, pressure, and temperature (NPT)
ensemble. Equilibrium was determined by monitoring the system's area per lipid and the root-meansquare deviation (RMSD). In all simulations, the van der Waals (vdW) interactions were truncated via a potential-based switching function used by X-PLOR. Starting from a switching distance of 10.5 Å, the vdW potential was brought smoothly to 0 at the cutoff distance of 12 Å. Electrostatic interactions were treated using the particle-mesh Ewald (PME) method with a 1.0 Å grid spacing 32, 33 . The r-RESPA multiple-time-step method 34 was employed with a 2 fs time step for bonded, and 2 and 4 fs time steps for short-range non-bonded and long-range electrostatic interactions, respectively. The bonds between hydrogen and other atoms were constrained using the SHAKE algorithm 35 .
We first simulated the TOCL bilayer using the NPT ensemble for 50 ns. Langevin dynamics were used to maintain a constant temperature of 303 K, while the Nosé-Hoover Langevin-piston algorithm 36, 37 was used to maintain a constant pressure of 1 bar. The z-axis was allowed to expand and contract independently of the x-y plane (semi-isotropic pressure coupling Computing Center (NERSC).
Results and Discussion
Constructing SDP model
Following our previous studies of phosphatidylcholine (PC) 23, 41 , phosphatidylglycerol (PG) 25, 42 , and phosphatidylserine (PS) 26 bilayers, the SANS and SAXS data for TOCL ULVs were analyzed using the SDP model shown in Fig.1A . The four oleoyl chains of TOCL were parsed into three components, depending on the number of hydrogens associated with each carbon atom, namely, the terminal methyl (CH3), methylene (CH2) and unsaturated methine (CH) groups. The amphiphilic headgroup was parsed into the backbone carbonyl (G1), and a G2 group which is comprised of the two phosphates and the glycerol hydroxyl linkage. The reason for not separating the phosphate and glycerol linkage is because of their positional overlap, as indicated by our MD simulations. This complicates the determination of component volumes for the phosphate and glycerol linkage from MD simulations 43 .
On the other hand, our previous studies of PG and PS lipids indicate that both two-Gaussian (2G) and three-Gaussian (3G) headgroup models yield similar lipid bilayer structures 25, 26, 42 . Based on these observations, we decided to use the 2G headgroup model to jointly refine the SANS and SAXS data.
The SDP model is based on the concept that the bilayer's component ED and NSLD can be described by its volume probability vP. However, this is not always the case, as was previously demonstrated by a study of DOPC bilayers 41 . The overall vP of the phosphate and choline moieties does not coincide with the overall ED and NSLD. This therefore necessitates separating the choline and phosphate into two components 41 . To check whether the proposed SDP model ( Fig. 1) is suitable for the TOCL 
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bilayer, we show component vP together with the corresponding ED (Fig. 1B) and NSLD (Fig.1C) distributions. For each component, good overlap is observed between its vP and the scaled ED ( For components in the hydrocarbon chain region (i.e., CH3, CH2 and CH), good overlap is obtained between their vPs and the corresponding NSLDs (Fig. 1C) . However, some discrepancy was observed between G1's vP and its NSLD. Such a discrepancy also exists in the SDP models for PC, PG and PS bilayers 25, 26, 41 . On the other hand, the difference is smaller than the typical positional uncertainties (~ 0.5 Å) obtained from SDP model analysis. Therefore, we adopted the same grouping method for G1, as was used previously. For the G2 component, the glycerol linkage contains a hydroxyl which undergoes hydrogen exchange with the water solvent, making G2's NSLD dependent on D 2 O concentration 26, 44 .
The inset to NSLDs, to be represented by analytical functions (Fig. 1D) . Specifically, four Gaussian functions are used to describe components CH3, CH, G1 and G2; the summation of CH, CH2 and CH3 in the hydrocarbon chain region is represented by a symmetrical error function; and the water vP is obtained by subtracting the lipid's vP from unity 25, 26, 41 . It is clear that component vPs can be well represented by these analytical functions. The goal of SDP model analysis is to determine a set of parameters describing these analytical functions by minimizing the difference between model form factors calculated from these analytical functions, and the experimental SANS and SAXS data 26 .
SDP Analysis
Using the described SDP model we simultaneously fit three sets of different contrast SANS data and one set of SAXS data. The best fitting results are shown in 
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lipid area A. It should be noted that D B is given by the Gibbs dividing surface, which divides the water distribution into two equal parts (Fig. 2E ). 2D C is defined by the full width of the error function, which is comprised of the CH, CH2 and CH3 components (Fig. 2E) . A is related to either D B or 2D C through 45 . To assess the effect of V HL on bilayer structure, we performed additional SDP analysis by varying V HL by ±10%. The resultant lipid area A changed by only 0.2%, a difference which is negligible compared to the 2% upper bound limit in uncertainty associated with SDP analysis. Note that the small effect of V HL on lipid bilayer structure using SDP analysis was also observed for a PS bilayer 26 . 25, 26, 46 . Figure 3A shows χ 2 for individual neutron and X-ray form factors, and the overall χ 2 which sums the neutron and X-ray χ 2 .
Because there are three sets of neutron data, but only one of X-ray data set, the neutron χ 2 is larger than the X-ray χ 2 . In addition, the neutron χ 2 is U-shaped, while the χ 2 for X-rays decreases continuously with increasing lipid area. The overall χ 2 behavior resembles that of the neutron χ However, noticeable differences are observed in the case of the X-ray form factor, especially in the region of the first lobe. This indicates that further improvements to the force fields describing CL bilayers are needed.
Lipid Bilayer Area Compressibility K A
A surface tension γ was applied in order to constrain the average lipid area to a desired value. The magnitude of γ needed to displace the lipid area by a constant value is quantified by the lateral area compressibility modulus K A , which can be calculated from K A !" ! lnA . Our slightly larger K A for the tetraoleoyl TOCL bilayer, compared to the dioleoyl DOPC bilayer, implies that the glycerol linkage sterically hinders the two phosphate moieties, thus making it difficult for TOCL's four chains to compress against each other 2, 3 . On the other hand, the difference is small, implying that the restriction is not pronounced. This is consistent with the not too different chain cross-sectional areas for TOCL and DOPC bilayers shown in section 3.2.
Based on the polymer brush model 27 , the bilayer bending modulus K C is related to the area compressibility modulus by K A =24K C /(2D C ) 2 . Substituting K A (obtained from our surface tension calculation) and the hydrocarbon chain thickness 2D C (obtained from SDP analysis), the predicted K C turns out to be 1.2×10 -19 J. We will compare this value to the bending modulus obtained from NSE analysis in section 3.6.
Molecular Interactions Inferred from the "Best" Simulated Bilayer
The direct comparison without any model intervening between the simulation and experimental form factors indicates that the simulated bilayer with an average lipid area of 131.2 Å 2 agrees best with the experimental data. Here we show Na + cation-lipid and lipid-lipid interactions based on the best simulated bilayer by calculating volume-averaged radial distribution functions (RDFs). We first calculated the RDF for Na + ions with respect to three types of lipid oxygen atoms, namely, the hydroxyl oxygen of the terminal glycerol linkage (OH), the four phosphate non-ether oxygens (PO), and the four backbone carbonyl oxygens (BO). The results are shown in Fig. 5A . Well-resolved peaks are identified near 2.3 Å for all oxygens. Moreover, based on the magnitude of the RDF peaks, and the fact that there is only one OH but four oxygens for PO and BO groups, the Na + ions interact most strongly with the glycerol linkage OH. Surprisingly, Na + ions interact similarly with the phosphate PO and the backbone BO. This observation is very different from our previous study of a PS bilayer, whereby Na + ions interacted weakly with the backbone carbonyl oxygen 26 . One explanation for this is that the smaller headgroup per phosphate in TOCL provides less coverage for the backbone oxygens, exposing them to water and Na + ions 48 . The presence of strong interactions between cations and CL headgroups is consistent with other simulations 19 .
In addition to ion-lipid interactions, we also explored the role of lipid-lipid interactions in mediating TOCL bilayer organization. RDFs between the glycerol linkage OH, the phosphate PO and the
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backbone carbonyl BO are shown in Fig. 5B . The dashed lines are the calculated inter-lipid pairs, while the solid lines include both the inter-and intra-lipid pairs. It is clear that OH interacts with PO by forming hydrogen bonds, as indicated by the RDF peaks near 2.7 Å. Moreover, the intra-lipid hydrogen bond is preferred over the inter-lipid. This may be related to the lipid's bulky tetra-chain configuration which impairs the inter-lipid association between the OH and PO groups in adjacent lipids. For the intra-lipid RDF between OH and PO, additional broad peaks were observed at larger distances, which likely reflect inter-lipid interactions. For interactions between OH and BO, no discernable RDF peaks were identified, indicating no preferred interactions between the pair. This is primarily due to the restricted motion of the glycerol OH 48 , making it difficult for OH to approach the backbone BO, which resides at the interface between the headgroup and the hydrocarbon chains. Our inter-and intra-lipid hydrogen bonds between the glycerol OH and phosphate PO are consistent with earlier simulations 14, 18 . This observation is also supported by Fourier transform infrared (FTIR) spectroscopy measurements 49 . The authors remarked that the hydrogen bonding within CL headgroups provides a structural framework that may be important for conducting protons in the IMM. Hydrogen bonding is also in-line with the speculated role of CL as a proton trap for oxidative phosphorylation 50 .
It is interesting to note that our recent study of a PS bilayer revealed similar inter-lipid hydrogenbonding interactions 26 . It is conceivable then that the observed lipid-lipid interactions, which are weak or absent in neutral PC lipid bilayers, may be important for the specific functions played by these minority lipids.
Neutron Spin Echo Spectroscopy and Bilayer Bending Modulus
NSE spectroscopy is a powerful technique capable of studying dynamical properties of soft materials through the so-called intermediate scattering function. For example, NSE has been successfully applied in determining the bending moduli K C of various model membrane systems, such as vesicles composed of pure lipids with different hydrocarbon chain composition 51 , lipids with and without cholesterol 52 ,
lipids with an antimicrobial peptide 53 , and oriented multibilayers 54 , to name a few. . To compensate for the dissipation, an effective viscosity η eff , which is three times that of the bulk solvent viscosity, was introduced 51, 53 . One explanation for the altered viscosity is that the properties of water near the bilayer interface could be modified by molecular interactions (e.g., hydrogen bonding and electrostatic interactions) formed between the amphiphilic lipids and the interfacial water molecules. On the other hand, the choice of η eff was mainly geared to reconciling differences between NSE results and those from other experimental approaches 51, 57 . Substituting η eff into Eq. (2), the new bending modulus becomes: K C = (1.06±0.06)×10 -19 J. This value is close to the prediction in section 3.4, which was calculated from the simulation-derived area compressibility modulus K A and a polymer brush model.
In addition to scaling the solvent viscosity, the dissipation within a lipid bilayer can also be accounted for by considering that when a bilayer is bent, one monolayer is stretched and the other compressed 58 .
This leads to an inter-monolayer friction which damps the fluctuation in the density difference between the coupled monolayers 58 . The effective bending modulus K Ceff from NSE measurements (Eq. (2)) is then contributed by the usual hydrodynamically damped bending mode and the slipping mode damped by inter-monolayer friction 56, 58 : Recently, DMPC and TMCL bilayers were compared using X-ray diffuse scattering 45 . The authors reported that the bending modulus K C for TMCL bilayers is about 50% larger than that of DMPC. For 
Conclusions
In the present study we used scattering experiments and MD simulations to study the various structural simulation and experimental form factors, we identified the best simulated bilayer from which detailed atomic interactions within a TOCL bilayer were determined. We found that Na + cations interact most strongly with the glycerol hydroxyl linkage, followed by the phosphate and backbone carbonyl oxygens. The glycerol hydroxyl also forms intra-and inter-lipid hydrogen bonding with the phosphate oxygen, but not with the backbone carbonyl oxygen. The bending modulus K C of TOCL bilayers was determined using NSE spectroscopy measurements and the ZG model. Compared to DOPC bilayers, K C was found to be larger for TOCL. We believe that the physicochemical properties of a TOCL bilayer reported here may be important for elucidating the functionality of cardiolipin lipids in the IMM. 
